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Pythium ultimum Trow is a ubiquitous
soil fungus that causes seedling blight and
root rot on plants throughout the world
(4,12). Culturing methods are widely used
to quantify P. ultimum soil inoculum levels
(8,10). P. ultimum and other members of
the genus Pythium can be detected in plant
tissues by isolation on a wide variety of
agar media (8), but obtaining pure cultures
and identifying them to species is laborious
(12). Another complication in the de-
tection and identification of P. ultimum
by culturing is that some isolates are
asexual, producing hyphal swellings but
no diagnostic sexual structures (12). Re-
cently, polymerase chain reaction using P.
ultimum-specific primers was reported to
be a potential alternative method (6).
None of the current detection techniques,
however, allow for rapid and specific
quantification of P. ultimum biomass in
plant tissues.
The usefulness of commercial enzyme-
linked immunosorbent assays (ELISA) for
detecting and quantifying Pythium spp. in
plants has been demonstrated (7,9). A
monoclonal antibody, MAb E5, was devel-
oped specifically for P. ultimum (15). The
specificity of MAb E5 was demonstrated
in two studies involving 21 isolates of P.
ultimum, including asexual isolates, and
over 60 isolates of other fungal species
(1,15). Detection of P. ultimum in plant
tissues using MAb E5 was unsuccessful,
however, when the antibody was employed
in an indirect ELISA format in which plant
tissue extracts were adsorbed onto the wells
of microtiter plates (1,15). It was hy-
pothesized that plant cell components
interfered with the binding of the antigen
onto the ELISA plate or prevented the
antibody from reacting with adsorbed anti-
gen.
A dual-antibody system known as dou-
ble-antibody sandwich (DAS)-ELISA is a
common format of ELISA for detection of
fungal antigens in plant matrices
(2,5,11,13). In DAS-ELISA, high-affinity
antibodies, typically polyclonal, are coated
on the solid phase and serve to capture the
target antigen. A second antibody, having
the desired specificity, then is applied to
detect the antigen. One version of this for-
mat, DAS-indirect-ELISA, uses a third
antibody, conjugated to the enzyme, to
detect the second antibody. This study had
two objectives: to develop a DAS-indirect-
ELISA system for P. ultimum based upon
MAb E5, and to determine the specificity
and sensitivity of the system to P. ultimum
grown in culture and in root tissues. An
abstract of preliminary results has been
published (14).
MATERIALS AND METHODS
Antibody production. Production of
MAb E5 in mouse ascites was previously
described (15). A polyclonal antiserum
(A6579) was produced against a crude cell
wall preparation of P. ultimum isolate
P201, the same antigen used in producing
MAb E5. A female New Zealand White
rabbit was injected subcutaneously with 1
mg antigen in complete Freund’s adjuvant.
An intramuscular booster injection of 1 mg
antigen in incomplete Freund’s adjuvant
was given 16 days later. Antiserum was
collected after another 18 days when the
titer was found to be over 1:10,000. Both
the polyclonal and monoclonal antibodies
were partially purified by ammonium sul-
fate precipitation and suspension in PBS
ABSTRACT
Yuen, G. Y., Xia, J. Q., and Sutula, C. L. 1998. A sensitive ELISA for Pythium ultimum using
polyclonal and species-specific monoclonal antibodies. Plant Dis. 82:1029-1032.
A double-antibody sandwich indirect enzyme-linked immunosorbent assay (ELISA) was devel-
oped for the detection and quantification of Pythium ultimum. A polyclonal antibody produced
to cell walls of P. ultimum was used as the capture antibody, while a P. ultimum-specific mono-
clonal antibody (MAb E5) was used for recognition of the fungus. In the ELISA, culture ex-
tracts of 7 isolates of P. ultimum exhibited strong positive reactions, whereas none of the 37
isolates of other Pythium spp. and fungal genera had positive reactions. P. ultimum was detected
by ELISA in roots of bean, cabbage, and sugar beet seedlings grown in pathogen-infested soil.
ELISA optical density readings for infected bean and sugar beet root samples were highly cor-
related (r > 0.9) with infection levels determined by culturing the samples on water agar. The
correlation between the two methods of testing cabbage roots was low, but all cabbage roots in
which P. ultimum was detected by culturing were strongly positive in the ELISA. Samples of
roots infected with P. irregulare and those with no Pythium infection did not react in the ELISA.
The ELISA was highly sensitive; the fungus was detected in culture extracts diluted 1:5,000,000
and in roots with less than 1 infection per 100 cm root.
Additional keywords: biomass measurement, detection, diagnosis, identification, serology
Corresponding author: Gary Y. Yuen
E-mail: gyuen@unlinfo.unl.edu
University of Nebraska, Agricultural Research
Division, Journal Series No. 12104.
Accepted for publication 8 June 1998.
Publication no. D-1998-0713-02R
© 1998 The American Phytopathological Society
Table 1. Sensitivity of the Pythium ultimum enzyme-linked immunosorbent assay in detection of P.
ultimum P201 and P. irregulare P2 in culture extracts diluted in general extraction buffer (GEB)
Optical density at 405 nma
Fungus Dilution 30 minb 60 min
P. ultimum P201 1:50 >3.00 >3.00
1:500 >3.00 >3.00
1:5,000 2.59 >3.00
1:50,000 1.20 2.83
1:500,000 0.45 1.05
1:5,000,000 0.11 0.22
P. irregulare P2 1:50 0.02 0.05
1:500 0.02 0.04
None (GEB only) NAc 0.02 0.04
a Values are the average of six wells from two experiments. Off-scale readings (>3.000) were treated
as 3.000 in calculating the average except when all readings were off-scale.
b Times are durations of incubation with ρ-nitrophenyl phosphate substrate prior to measurement of
absorbance.
c NA = not applicable.
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(0.01 M phosphate buffer, pH 7.4, with
0.8% sodium chloride) to the original vol-
ume. Total protein concentration of the
antibodies was determined by absorbance
at 280 nm.
ELISA. To determine optimum condi-
tions for ELISA, antibody reagents were
tested at various concentrations. In each
reagent step, 100 µl of reagent solution was
applied to each well of microtiter plates
(Nunc MaxiSorp, Nalge Nunc Interna-
tional, Roskilde, Denmark). The plates
were washed six to eight times with PBS
containing 0.05% Tween-20 (PBST) be-
tween each reagent step. The plates were
coated with polyclonal antibody A6579
and diluted in carbonate buffer (pH 9.6) by
incubating antibody solution in each well
overnight at 4°C. Antigen samples then
were incubated in the coated wells for 2 h
at room temperature or overnight at 4°C.
The antigen samples were diluted previ-
ously in general extraction buffer (GEB),
which consisted of 0.01 M phosphate
buffer (pH 7.4), 0.01 M sodium sulfite, 2%
polyvinylpyrrolidone (molecular weight
[MW] 24,000 to 40,000), 0.2% powdered
chicken albumin, 0.02% sodium azide, and
2% Tween-20. An anti-mouse antibody
conjugated with alkaline phosphatase
(Agdia B0143) was diluted 1:1250 in
PBST containing 2% polyvinylpyrrolidone
(MW 24,000 to 40,000), 0.2% bovine se-
rum albumin, and 0.02% sodium azide.
Various amounts of MAb E5 then were
added to the conjugate solution. The mix-
tures were applied to the plates and incu-
bated for 2 h at room temperature. Finally,
the substrate solution (0.1% p-nitrophenyl
phosphate in 10 mM diethanolamine, pH
9.8) was added and incubated at room tem-
perature. The color reaction was measured
after 30 and 60 min as absorbance (optical
density = OD) at 405 nm on a plate reader
(Model L312, Bio-Tek Instruments, Inc.,
Winooski, VT). Typically, each sample
was tested in at least three wells in each of
two separate experiments. A sample was
considered to have a positive reaction in
the test if its mean OD value exceeded
three times the mean of the buffer control.
Fungus isolates. In all tests comparing
reactivity of fungal isolates in the DAS-
ELISA, P. ultimum P201 was included as
the positive control and P. irregulare iso-
late P2 was the negative control. None of
the other fungal isolates used in this study
had been tested previously for reactivity to
MAb E5. These included isolates of P.
ultimum, other Pythium spp., and
Phytophthora spp. that were provided by
various research laboratories in the United
States. Also tested were isolates of
Aspergillus sp., Fusarium sp., Monilinia
sp., Penicillium sp., Rhizoctonia solani,
and Sclerotinia sclerotiorum that were
isolated from potato and various or-
namental plants at Agdia, Inc. All fungal
isolates were cultured on potato-dextrose
agar (PDA) at room temperature for at
least 1 week. The cultures were stored at
4°C until used in ELISA, when approxi-
mately 1 g of agar culture was ground in
50 ml GEB with a mortar and pestle, then
diluted further with GEB before testing.
Detection of P. ultimum in roots. Sam-
ples of roots inoculated with P. ultimum or
P. irregulare were obtained by two differ-
ent methods. In one method, seeds of bean
(Phaseolus vulgaris L.), cabbage (Brassica
oleracea L. var. capitata L.), and sugar
beet (Beta vulgaris L.) were germinated
for 2 to 3 days in rolled wet paper towels.
The roots were excised and transferred to
sterile plastic bags, where they were in-
oculated by adding a mycelial plug from
PDA cultures of P. ultimum P201 or P.
irregulare PA1 (isolated from Arabidopsis
thaliana) along with 2 ml sterile water.
Inoculated seedlings were used in ELISA
after 3 days of incubation, when they were
thoroughly colonized by the pathogens.
Roots incubated with water alone served as
non-inoculated controls. In the second
inoculation method, pre-germinated seeds
of bean, sugar beet, and cabbage were
planted in pots of pasteurized soil that had
been infested with P. ultimum P201 to ap-
Table 2. Reactivity of Pythium ultimum isolates, other Pythium spp., and other fungal genera in P.
ultimum enzyme-linked immunosorbent assay
Fungus species, isolate numbera Host, place of origin Sourceb OD at 405 nmc
Pythium ultimum Unknown 4 2.31
P. ultimum, 67-1 Cotton, California 2 2.87
P. ultimum, #1 Soybean, Iowa 8 2.50
P. ultimum, #3 Soybean, Iowa 8 2.68
P. ultimum, P201 Strawberry, California 9 2.72
P. ultimum var. ultimum, P7461 Unknown 4 2.49
P. ultimum var. ultimum, 62 Unknown 4 2.67
Other Pythium spp.
P. aphanidermatum Unknown 4 0.06
P. aphanidermatum, 93-1 Tomato, California 2 0.04
P. aristosporum Unknown 4 0.04
P. arrhenomanes Unknown 4 0.05
P. catenulatum, #62 Unknown 4 0.05
P. graminicola Unknown 4 0.04
P. heterothallicum,  ATTC 18198 Soil, Canada 10 0.05
P. irregulare, P2 Carnation, California 9 0.04
P. irregulare Unknown 4 0.05
P. multisporum Unknown 4 0.05
P. myriotylum Unknown 4 0.05
P. oligandrum Unknown 4 0.05
P. paroecandrum Unknown 4 0.05
P. spinosum Unknown 4 0.05
P. splendens Unknown 4 0.04
P. sylvaticum Unknown 4 0.05
P. tardicrescens Unknown 4 0.05
P. torulosum Unknown 4 0.06
P. vanderpoolii Unknown 4 0.05
P. violae Unknown 4 0.04
Pythium sp., #2 Soybean, Iowa 8 0.05
Pythium sp., #11 Turfgrass, Colorado 5 0.04
Pythium sp., #15 Bentgrass, Colorado 5 0.04
Other genera
Aspergillus sp., 95-1 Geranium, Ohio 7 0.04
Fusarium sp., 95-5 Vinca, Maryland 7 0.05
Fusarium sp., 95-6 Kalanchoe, Michigan 7 0.05
Monilinia sp., 95-9 Vinca, Indiana 7 0.05
Penicillium sp., 95-11 Potato, Maine 7 0.04
Phytophthora capsici,  P-52 Unknown 6 0.06
P. citrophthora,  P-161 Lamium sp., Massachusetts 6 0.06
P. infestans, M-2-4 Potato, Mexico 1 0.05
P. infestans, Camden-D Potato, North Carolina 1 0.06
P. parasitica, P-29 Unknown 6 0.06
P. parasitica, 1994 Azalea, Alabama 3 0.07
P. sojae, #1 Soybean, Iowa 8 0.07
Rhizoctonia solani,  95-12 Potato, Idaho 7 0.05
R. solani, 95-14 Begonia, Michigan 7 0.06
Sclerotinia sclerotiorum,  95-16 Bean, Indiana 7 0.05
None (buffer only) … … 0.03
a Extracts of fungal cultures were diluted 1:50 in general extraction buffer.
b 1 = K. L. Deahl, USDA-ARS, Beltsville, MD; 2 = J. G. Hancock, University of California,
Berkeley; 3 = J. Mullen, Auburn University; 4 = C. S. Rothrock, University of Arkansas; 5 = L. G.
Skoglund, Colorado State University; 6 = R. Wick, University of Massachusetts; 7 = J. Q. Xia,
Agdia, Inc.; 8 = X. B. Yang, Iowa State University; 9 = G. Y. Yuen, University of Nebraska-
Lincoln; 10 = American Type Culture Collection.
c OD = optical density measurements, made after the substrate was incubated for 30 min. Values are
means of three experiments with three or four replicate wells per isolate.
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proximately 50 or 200 propagules/g soil or
with P. irregulare P2 at approximately 50
propagules/g (3). Seeds also were planted
in non-infested soils. Roots were collected
after 1 week of growth and washed thor-
oughly with tap water.
Roots inoculated by either method were
cut into 1-cm-long segments, and then 1.5-
g (fresh weight) amounts were ground with
a mortar and pestle in 10 ml of 0.01M
phosphate buffer (pH 7.4). Samples were
applied directly or further diluted with
GEB in ELISA tests. Subsamples of roots
collected from soil also were assayed for
infection levels according the root cultur-
ing method described by Hancock (3); 25
to 30 root segments were placed on water
agar and were examined after 24 h for
Pythium hyphae. The infection levels were
then expressed as the number of infec-
tions per 100 cm root. In addition, sam-
ples having theoretically low levels of
infection by P. ultimum (0.5 to 16 infec-
tions per 100 cm root) were generated by
diluting aliquots of P201-infected root
extracts with extracts of non-inoculated
roots in various proportions. Mean OD
readings for each sample were plotted
against root infection level on a log10
scale, and the relationship between the
two sets of results was determined by
simple correlation analysis.
RESULTS
Assay parameters, sensitivity, and
specificity. Polyclonal antibody A6579
used at 2 µg/ml for coating plates and MAb
E5 used at a dilution of 1:32,000 (vol/vol)
as the detection antibody provided optimal
reactivity with P. ultimum in the ELISA.
Reactions could be read 30 min after appli-
cation of the substrate. Incubation for 60
min did not change readings for the nega-
tive control appreciably, but more P.
ultimum culture samples were off-scale
(Table 1). The ELISA was very sensitive
and could detect P. ultimum in culture
extracts of P201 diluted to 1:5,000,000
(wt/vol; Table 1). Extracts of P. irregulare
exhibited no positive reactions in the tests.
The ELISA was specific to P. ultimum.
All seven isolates of P. ultimum reacted
strongly with the antibodies in the ELISA,
with mean OD values exceeding 2.6 (Table
2). None of the 22 isolates of other
Pythium species and 15 isolates of other
fungal genera generated color exceeding
0.07 OD. All of these reactions were con-
sidered to be negative compared to the
buffer control.
Detection of P. ultimum in plant
tissues. P. ultimum P201 was detected by
ELISA in sugar beet, cabbage, and bean
roots that were inoculated in vitro (Table
3). For all seven samples of P. ultimum-
inoculated roots, OD readings exceeded
1.8, whereas none of the seven fungus-free
samples or the seven samples colonized by
P. irregulare PA1 yielded OD readings
over 0.05.
The ELISA also was effective in de-
tecting P. ultimum in infected roots from
seedlings grown in fungus-infested soils.
For sugar beet and bean roots infected with
P. ultimum, OD readings correlated closely
(r > 0.9) with infection levels (on a log10
scale), as determined by root plating (Fig.
1). The bean sample with the lowest infec-
tion level (2.5 infections/100 cm root)
yielded a mean OD of 0.05, which was still
considered to be positive in comparison to
healthy controls that did not exceed 0.01.
All four P. ultimum-infected cabbage sam-
ples yielded positive OD readings ranging
from 0.7 to over 0.8. These values were
lower than those of bean and sugar beet
roots having similar infection levels.
ELISA results for cabbage roots did not
correlate with infection levels (r = –0.7).
Root samples from P. irregulare-infested
soils ranged from 2 to 44 infections/100
cm root, but none exhibited positive reac-
tivity in the ELISA.
The sensitivity of the ELISA for P. ulti-
mum in infected tissue was high in assays of
P. ultimum-infected root extracts diluted in
non-infected root extracts (Fig. 2). There
were very high correlations (r > 0.99) be-
tween OD readings and theoretical infection
levels. In all three series of dilutions, P.
ultimum was detected in samples with theo-
retically 0.5 infections/100 cm root.
Table 3. Detection of Pythium ultimum P201 and P. irregulare PA1 in roots inoculated in vitroa using
P. ultimum enzyme-linked immunosorbent assay (ELISA)
Host Fungus Number of samples Mean (and range) OD at 405 nmb
Sugar beet P. ultimum P201 4 2.46 (2.31 to 2.60)
Sugar beet P. irregulare PA1 4 0.03 (0.03 to 0.03)
Sugar beet None 4 0.04 (0.03 to 0.05)
Bean P. ultimum P201 2 2.44 (2.27 to 2.61)
Bean P. irregulare PA1 2 0.02 (0.02 to 0.02)
Bean None 2 0.02 (0.02 to 0.03)
Cabbage P. ultimum P201 1 1.86 (NA)
Cabbage P. irregulare PA1 1 0.03 (NA)
Cabbage None 1 0.03 (NA)
Nonec P. ultimum P201 2 1.60 (1.38 to 1.81)
Nonec P. irregulare PA1 2 0.02 (0.02 to 0.02)
a Roots from 2- to 3-day-old seedlings placed in plastic bags were inoculated with the fungi. After 3
days, 1.5 g roots was ground in 50 ml of phosphate buffer and diluted in general extraction buffer
for testing by ELISA.
b OD = optical density; value for each sample was the average of three test wells. Measurements
were made after the substrate was incubated for 30 min. NA = not applicable.
c Samples consisted of mycelia in agar plugs ground in 50 ml phosphate buffer.
Fig. 1. Relationship of reactivity in Pythium ultimum-specific enzyme-linked immunosorbent assay
to infection levels measured in sugar beet, bean, and cabbage roots infected with P. ultimum P201or
P. irregulare P2. Optical density (OD) measurements were made after the substrate was incubated for
30 min.
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DISCUSSION
The specificity of MAb E5 to P. ulti-
mum reported in previous studies (1,15)
was demonstrated in the ELISA system
developed in this study. In evaluating the
specificity of the system with pure cul-
tures, fungal biomass likely varied among
test samples because of differences in
growth rate of the isolates in culture.
Nevertheless, the differences in reactivity
between P. ultimum and other fungal
species were great, suggesting that the
chances of false positives and false nega-
tives are low even if biomass is not pre-
cisely standardized.
The DAS-indirect-ELISA format ap-
peared to overcome the previously en-
countered problem of low reactivity of
MAb E5 with P. ultimum in plant tissues
(1,15). The polyclonal antibody coated
onto the microtiter plates was effective in
separating the E5 antigen from plant ex-
tracts, thereby rendering the antigen reac-
tive to MAb E5. As a result, P. ultimum
was clearly detected at very low biomass
levels in root tissues. The ELISA com-
pared well with the commonly used root
culturing technique in the quantification of
the fungus in sugar beet and bean roots.
Correlation between the two techniques
was poor for cabbage roots. This may be
explained by the fact that the root-plating
method only assesses the presence or ab-
sence of the pathogen in a given length of
root, but pathogen biomass could vary
among infected root segments. In the ex-
periments in which infected root extracts
were serially diluted, and hence biomass
was reduced proportionally, the quantita-
tive quality of the ELISA system was con-
firmed.
Avila et al. (1) reported higher detection
of the E5 antigen in sugar beet roots as
compared to bean roots. Presumably, dif-
ferential nutrient composition between the
roots caused unequal levels of E5 antigen
production by the fungus. While ELISA
measurements of comparably infected bean
and sugar beet roots did not appear to dif-
fer greatly in this study, OD values for
infected cabbage roots were considerably
lower than those for the other two plant
species at the same levels of infection. This
suggests that caution must be exercised
when using the ELISA to measure P.
ultimum biomass in different plant species.
Comparison of data across host species is
possible if appropriate controls and cali-
bration standards are constructed using
noninfected tissues from each plant species
in question.
The specificity and sensitivity of this
ELISA system makes this method a precise
and rapid tool for identification of P.
ultimum in culture and for diagnosis of
disease caused by the pathogen. Further-
more, the system has excellent potential for
direct quantification of the fungus in plant
tissues and, therefore, has immediate ap-
plications in research on the pathogen’s
ecology, epidemiology, and host interac-
tions.
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Fig. 2. Reactivity in enzyme-linked immunosorbent assay of sugar beet, bean, and cabbage root
samples with low levels of Pythium ultimum infection. Samples were produced by diluting samples
with predetermined infection levels in ground, non-infected root samples. Optical density (OD)
measurements were made after the substrate was incubated for 30 min.
